The paper discussed the possible slamming loads on the underside of the (chaintable of) external turret moored F(P)SOs. For this problem of turret slamming, a combined exceedance of the airgap between the underside of the chaintable and the relative wave is needed, as well as a certain relative wave velocity. A model test series was carried out to determine these loads on a typical external turret. The model test results provide insight into the complex loading process of external turret type structures. A clear quadratic relation between submergence velocity and impact load, as typically observed for slamming problems, has not been identified. This is probably a result of local effects, such as the strong disturbance of the free surface (giving a locally different deadrise angle) and air entrapment effects. The maximum pressure on the conical turret (chain table) is significantly reduced compared to the flat turret, which was expected based on the reduced rate of change of momentum with the conical turret. Based on linear 3D diffraction analysis and the empirical relations derived from the model tests, a method is presented to determine first design estimates of the pressures.
INTRODUCTION
External turret systems are still popular for the mooring of F(P)SOs, especially in shallow water or more mild environmental conditions. In Figure 1 a number of examples is shown. One of their design aspects is the possible slamming against the underside of the turret, or more precisely the chain table below the turret. This can result in upward loads on the turret, whereas this is designed to restrain downward loads of the mooring system. Turret slamming is typically a relative wave motion problem, like the green water problem [2] . For ship-type hulls such as FPSOs, this is a combined effect of the out-of-phase pitch motions and local wave motions. In the case of green water, the problem starts with an exceedance of the freeboard level. For the problem of turret slamming, a combined exceedance of the airgap between the underside of the chaintable and the relative wave is needed, as well as a certain relative wave velocity. In fact, in that respect it is very similar to the problem of bottom slamming [3, 4] . During the SAFE-FLOW project [5, 6] a model test series was carried out to determine these loads on typical external turrets. The present paper presents the results of these tests and the resulting load estimation method. 
MODEL TESTS AND OBSERVATIONS
For the tests a typical tanker-shaped model hull was used. Figure 2 shows the test set-up used. Measurements were carried out on a flat turret (see Figure 3 , left) and a conical turret with top angle of 140 degrees (see Figure 3 , right). The dead rise angle of the conical turret is consequently 20 degrees. Three loads were measured on the turret:
• Total vertical load on the turret (FZ TUR).
• Mean pressure over a pressure panel (P PAN).
• Local pressure on pressure transducer (P SLAM).
The airgap between the still water level and the bottom of the flat turret was 6 m. Figure 4 shows a zoomed view of a number of the turret impacts. Beside the normal measurements, also an estimate was made of the wave angle at the moment of impact, based on the difference in relative wave motions at positions 5 and 6 (signal 'WAVE ANGLE'). Further the relative wave velocity was determined by taking the time derivative of the relative wave motion signal (RELM 6 VEL).
Figure 4: Zoomed view of a number impacts on a flat turret
The following can be observed:
• The impact occurs as expected at the moment that the airgap level is exceeded by the relative wave motions.
• Because this airgap is small, the relative wave velocity is still large at the moment. The pitch angle is not at its maximum yet.
• First the force is in the upward direction for about two seconds. At the moment the vessel stops pitching downwards a negative load is observed. From the video it can be observed that when the turret hits the water surface, the water is pushed away. For a certain amount of time the turret goes further down into the water, but the space above the turret is still open. When the turret slows down this area is filled with water, resulting in the negative loading. Afterwards the turret is going upwards and the water starts flowing from the turret.
• The wave angle is between 1.5 and 2 times larger than the pitch angle. The wave angle is much more disturbed than the pitch angle (and it should be noted that this is not the exact situation below the turret, which will be even more disturbed).
In Figure 5 a zoomed view of an impact on the flat turret is compared with an impact on the conical turret. The figure also shows the relative water level measured on the probes around the turret. • The maximum pressure on the conical turret is significantly reduced compared to the flat turret.
• The pressure build-up for the flat turret starts when the relative motion exceeds 6 m. For the conical turret the pressure build up starts slightly earlier.
• When the turret comes out of the water, the vertical force stays negative for a while. This is a result of an amount of water that stays on top of the turret.
The impact on an external turret is a combined relative wave motion and relative wave velocity problem. The relative wave motion (r) is defined as the difference between the local vertical vessel motion (z) and the local (disturbed) wave motions (ζ) according to Figure 6 . When the relative motions exceed the height of the turret above the calm water level (the airgap: a) with a certain velocity, impact loads can occur. The vessel motions and relative wave motions are generally predicted with 3-D linear diffraction analysis. In Figure 7 a comparison of the relative wave velocity RAO is given. It is concluded that the comparison between the measurements (lines) and calculations (circles) is good. Consequently linear diffraction analysis can be used for the calculation of the relative wave motions and velocities. Based on the basic physics of water entry (into calm water), a quadratic relation is expected between the impact pressure and the relative velocity:
C is the impact coefficient, depending on the shape of the body entering the fluid (or the shape of the water surface into which the structure is entering). This relation was checked for the regular wave tests as well as for the irregular wave tests in a GoM loop current condition (H s = 6.1 m, T p = 11 s) and condition typical As was observed for the regular wave tests (also shown as red x's in the figure), there is a considerable scatter of the loads as function of the relative wave velocity at the moment of impact. Further the expected quadratic relation between velocity and impact load is not directly evident from the measurements.
The circles in the figures give the mean load per velocity bin in the plot, the vertical lines through these circles give the +/-standard deviation in that bin. The blue solid line is a linear fit through the circles with mean values. The green dotted line is a line parallel to the mean line, covering 95% of the measurement points (95% reliability line). Something similar, with even more pronounced scatter, was found when we study the maximum local pressures on both turrets. Taking into account the local wave angle (based on the difference in relative wave motions at RELM 5 and RELM 6) did not improve the insight in the relation between relative wave velocity and impact loading.
It is presently assumed that the impact loading process on a structure that is submerging into the water as a result of ship motions combined with wave action, is influenced by more complex effects than only a clear momentum slam in calm water. The main effect seems to be the submergence of the structure in waves that are already heavily disturbed by the presence of the floater and by previous submergences in the wave group. The local dead rise angle during this submergence has a large influence on the final impact loads, especially close to the zero dead rise angle (flat plate). This is shown in Figure 10 from Lloyd [4] , presenting the impact coefficient C as function of the dead rise angle. 
FIRST ESTIMATION APPROACH DESIGN GUIDANCE
The (limited) model test results available at the moment do not provide final insight into the loading process of external turret type structures. A clear quadratic relation between submergence velocity and impact load has not been identified. This is probably a result of local effects, such as the strong disturbance of the free surface (giving a locally different deadrise angle) and air entrapment effects. This does not say, however, that the model test results cannot be used for first design estimates. Below a recommendation for such estimates is given, taking into account the findings of the present model tests as good as possible.
The assumptions are:
• Although there is no clear quadratic relation between submergence velocity and impact load, the submergence velocity at the moment that the relative wave motions reach the turret is considered to be the main parameter in the loading process.
• In an irregular wave the time trace around the maximum relative wave motion can be considered as a local regular wave signal.
• The maximum submergence velocity at the position of the turret occurs in the same wave cycles as the maximum relative wave motion.
In that case the following procedure can be followed, see also the Figure 11: 1. The maximum relative wave motion (rmax) in a wave spectrum is determined based on a linear RAO of the relative wave motions and spectral analysis 2. Based on the assumption of a narrow banded linear motion response to Gaussian distributed waves, the Rayleigh distribution applies to the probability of exceedance P of a certain value R of a peak or trough of the relative wave motions in an irregular sea state:
s is the standard deviation. Based on these assumptions the Most Probable Maximum (MPM) value of R can be determined. For this value RMPM the following relation applies, with N as the number of maxima in the considered time period:
The MPM value under these assumptions can be expressed as:
3. The relative wave motion around this maximum is described as:
Assuming a representative period (and related frequency ω) of the relative wave motion (mean period in the relative motion response spectrum) at the moment of its maximum, the relative velocity can be described as: Based on these assumptions we can estimate the submergence velocity at the moment the airgap (a) is exceeded as follows, with t i as the moment of submergence/impact:
As one would expect, this relation shows that the maximum submergence velocity occurs with zero airgap (maximum relative velocity) and that no impact will occur when the wave just reaches the turret (zero relative velocity).
4. Based on these relations the maximum submergence velocity is derived. This can be used to estimate the maximum expected impact load according to:
Flat turret
Maximum pressure averaged over external turret (mean): 
CONCLUSIONS
Based on the results presented in this paper, the following conclusions seem justified with respect to the issue of slamming loads on the underside of the (chaintable of) external turret moored F(P)SOs:
• For this problem of turret slamming, a combined exceedance of the airgap between the underside of the chaintable and the relative wave is needed, as well as a certain relative wave velocity.
• However, a clear quadratic relation between submergence velocity and impact load, as typically observed for slamming problems, has not been identified. This is probably a result of local effects, such as the strong disturbance of the free surface (giving a locally different deadrise angle) and air entrapment effects.
• The maximum pressure on the conical turret (chain table) is significantly reduced compared to the flat turret, which was expected based on the reduced rate of change of momentum with the conical turret. The rise time of the impact on the flat turret is about 0.15 seconds. Due to its shape, the rise time for the conical turret is longer (about 0.25 s).
• Based on linear 3D diffraction analysis and the empirical relations derived from the model tests, a method is presented to determine first design estimates of the pressures.
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